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Turbulent-heat-transfermeasurementswereobtainedthroughtheuse
au axialJ..Ysymmetricannularnozzlewhichcmsistsofan inner,shaped--

centerbcdyandan outercyltidricalsleeve.Measurementstaken~ong-
theoutersleevegaveessentiallyfl-at-plateresultsthatarefreefrom
wallinterferenceandcornereffectsfora Machnrmiberof1.62andfor
a Reynoldsnuiberrangeof7.22x 10~to 1.20x 108. Theheat-transfer
coefficientsareingoodagreanentwiththeoretical.resultsfora Wch
nuuiberofI.60 * fora ratioof inner-surfaceto free-stresmtemper-

P atureof1.60. Thetemperature-recoveryfactorsareontheaverage
1.~ percentlowerthanthefactorsobtainedfora Machnumberof2.4.

J

INTRODUCTION

Thedesignof supersonicaircraftandmissilesrequiresengineering
informationaboutheat-transfercoefficientsandtemperature-recovery
factorsforsuperscmicspeedsthatex%nd overa widersngeofReynolds
nlmiber● BIreferences1 and2,localturbulent-heat-transfermeasurements
werepresentedforI&chnumbersof3.03and2.06Jrespectively.

Thepurposeofthisinvestigationisto extendtheworkofrefer-
ences1 and2,withthesametypeofapparatusandmethodofreduchg
thedata,to a Machnuniberof1.62. ThersngeofReynoldsnmber for
whichmeasurementswereobtainedisfrom?.22x 105to 1.20x 108. The
resultscovera temperaturedifferenceofapproxhately10oat 40 seconds
afterstsrthgto a~roximately1°at 200secondsafterstarting.The
averagevalueoftheratioof inner-surfacetemperatureto free-stream
temperatureT+~m was1.60.
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specificheatof sleevematerial,Btu/lb-%

specificheatofairat constantpressure,Btu/lb-%

accelerationdueto gravity,ft/sec2

heat-transfercoefficient,Btu/ft2-sec-%

heatconductivity,Btu/ft-sec-%

Mach?miber

IVusseltrnmiber,l+

Prandtlnuniber,W@

Reynoldsnwiber,pvx/p

Stantonnwiber,@R - = @J~g 7

averagewalltemperature,%
‘2

effectivestreamairtemperatureatwall;sanetemperaturewhich
givesthermalpotentialwhichisindependentofheat-transfer
coefficienth, %

stagnationtemperature,%

inside-surfaceteqeratureofnozzlesleeve,%

free-stresmtemperature,%

time,sec

free-streamvelocity,ft/sec

specificweightof sleevematerial,lb/sqft

longitudinaldistancealongsleeve,ft (unlessindicated
otherwise)

T - T@
recoveryfactor,~

Tt - Tm
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e
v dynamicviscositycoefficient,lb-sec/sqft

3

k P free-streamdensityofah, slugs/cu

APPARATUSAlil)METHOD

ft

Theapparatusconsistedofan axiallysymnetricannularnozzle
whichwasdirectlyconnectedto thesettlingcha?iberof oneofthecold-
airblowdowzljetsoftheLangleygasdynamicskboratory.Thenozzle
hada shapedwocdencenterbodyandtwooutersleeves.Onesleevewas
constructedof 8-inch-diameter,extraheavy,sesmlesscarbon-steelpipe,
andtheotherwasconstructedofl/16-inchstainlesssteelwhichwas
rolledintoa cylinderandwelded;bothcylindersweresurface-machined
insideandoutsidetowsXLthicknessesof0.388inchand0.060inch,
respectively.Thecoordinatesofthetier bodyaregivenintableI.

A detaileddrawingoftheapparatusis showninfigure1 which
givesthelocationofthethermocouplesandstatic-pressureorifices.
Detailsofthethermocouples,thestatic-pressure-orificeinstallations,

* thetemperature-recordingequilynent,andtheprecisionof instrumentation
aregiveninreferences1 and2.

. TheWch nuniberdistributionis showninfigure2. Theal-inement
oftheflowwascheckedat severalstationsby meansoforificeslocated
aroundthesleeve.Thelocationofthesemeasurementsis shownh
figure2.

Thetestprocedureisgiveninreferences1 and2. Forthisinves-
tigationtestrunsweremadeforsettli.ng-chauberpressuresof0.4,57,
and196lb/sqin.gage. Thetestat a pressureof0.4Xb/sqin.gage
wasmadewitha sleeve0.060inchthick,andthetestsetupwasevacuated
to an absolutepressureof1.0inchofmercury.Excludingthefirst
20 seconds,thepressuresweremaintainedconstantforeachtestrun.
Thestagnationtemperaturestwtedat essentiallyrocantemperatureand
decreasedasthepipingwascooled,as illustratedinfigure3 where
stagnationtemperatureisplottedagainsttimefora sett+g-chauiber
pressureof 196lb/sqin.gage. Thewalltemperaturealsostartedat
essentiallyrocmtemperatureandtendedto approachtheequilibrium
temperaturewhichwas approx5nately22°R beluwsta~tion temperate.
Thisvariationis showninfigureh wherewaXLtemperatureat stations12
and18 isplottedagainsttimefora settling-chsmiberpressureof
196lb/sqin.gage.

0 In figure~ areplotted,forvarioustimesdurx thetestrun,the
valuesofwalltemperatureagainstlongitudinaldistancealongthe
cylinder.Thesevalueswereusedto determinetherateofchangeof8
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weretakenonlyforthelengthofthe

REDUCTION
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alongthecylinder.Testresults

cylinderfor

OFDATA

Themethodofreducingthedataiscompletely
ences1 and2. Briefly,theequationsusedare

h ..c%L1
~-Te

d%av
which k —

d? ‘0”

describedinrefer-

(1)

(2)

(3)

Themethodconsistssimplyof selectinga recoveryfactorandthen
obtainingTe frcmequation(3). Thisvalueof Te is stistitutedinto
equation(2)andvaluesof h forclifferentheat-flowratiosareobtained.
Thesevalues of h arethenstistitutedintoequation(l). Thetrue
valuesof Te) ~~ and St areobtainedwhen St isconstantwithtime
(fordifferentheat-flowratios).Figure6 showsthevalues usedin
determiningtheStantonnwber andrecoveryfactorat station12fora
settling-chmiberpressureof196lb/sqin.gage.

Thevaluesof specificheatandspecificweightofthesleevemate-
rialweretakenfromreference3. ThevaluesofPrandtlnuuiber(0.71)
andviscosityofairwerealsotakenfromreference3 andwerebased
upon ~. Thevslueof ~ usedwasthevaluemeasured80seconds
afterstarting.

RESULTSANDDISCUSSION

Overthetestrange(seefig.5), thewalltemperaturesareconstant
along x. Intherelation

*

1?

dTav/dt
h—.wc%-Te
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. wandc areconstant,and dTav/dtisconstantbecauseTV is con-
stant.Therefore,ifthereistobe a variationof h withReynolds

d’ numberor x, Z’emUSt VSXY with X. The valueof T= obtainedfor
thetestat a settling-chamberpressureoflg6lh/sqin.gage,evaluated
80 seconds.afterstarting,actuallydecreasesabout1°.

Figure7 showsthevariationoflocalNusseltnumberwithlocal
Reynoldsnumber.Thevalueof x usedinevaluatingthesenumbershas
beenadjustedfor x = O locations(theeffectivebeginningofthetur-
bulentboundarylayer)bythemethodofreferences1 and2. The x = O
locationsarek.o and1.0inchesdownstreamoftheminimumstationfor
settlQg-chsmberpressuresof 0.4and57 lb/sqin.gage,respectively,
andattheminimumstationforthesettling-chamberpressureof
@ lb/sqin.gage.

TheNusseltnumberswerefoundto vary frm 84oto 56,650forthe
Reynoldsnumberrangeof 7.22x 10~to 1.20x 108(basedonad~usted
x= O locations.)ForcomparisonthecurvebasedupontheVanDriest
analysis(ref.4) is shown.FortheVanDriestanalysis,Tw& WS

consideredto be 1.6o(theaveragevalue ofthetestresultspresented
m herein).

Thedatawerecomputedby usingfree-streamtemperatureto determine
. thedensityandvelocity.Thewalltemperaturewasusedto determinethe

viscosityandthePrandtlnumber.Theagreementbetweenthetestresults
andthetheoryisgood.

Figure8 showsthevariationoflocaltemperature-recoveryfactor
withlocalReynoldsnmber. Thevariationisfrom0.880at 7.22x l@
to 0.868at 1.2ox ld. Theresultsarecomparedwitha curvewhich
representsthefairingofthedataofreference5 fora Machnmnber
of2.4. Theresultsobtainedinthisinvestigationareontheaverage
1.5percentlowerthanthedataofreference5. Alsoincludedfor‘com-

1/3 and prl/2.parisonarethecurvesfortherecoveryfactorequl to Pr
Thewalltemperaturewasusedto determinethePrandtlnumber.

.

d
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CCINCLUDINGREMARKS
.

v
Turbulent-heat-transfermeasuremerrtsthatgaveessentiallyflat-

plateresultswereobtainedfora Machnumberof1.62andfora Reynolds
numberrangeof 7.22x 105to 1.20x 108. TheNusseltmmibersagreewith
theoreticalresults.Thetemperature-recoveryfactorsareontheaver.
age1.5percentlowerthanotheravailabledatafora Machnumberof2.4.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

~ey Field,Vs.,lfarch~, 155.
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x, in.
-10.00
-4.70
-4.%
-4.00
-3.00
-2.50
-2.00
-1.X
-1.00
:::

-.40
-.20
0

●10
.20
.30

TABLEI.- clm!m-BoDYcoommwlzs

Radius, in.
2.000
2.000
2.020
2*lm
2.500
2.735
2.970
3.150
3.300
3.340
3●375
3.403
3.425
3.4375
3.4364
3.4337
3.4298

t.
x, in. Radius, in.
0.442 3.4249

3.4190
% 3.4L?2
.70 3.4045
●8O, 3.3961
●9O 3.38~
1.00 3.3776
1.10 3.36%
1.20 3935a
1.30 ;.344.
1.40
l.~ 3:3317
1.60 3.3238
1.70 3.3167
1.80 3.3103
l.go 3.3@7
2.00 392997

x, in.
2.10
2.20
2.30
2.4Q
2.50
2.60
2.70
2.80
2.90
5.00

10.CO
15,00
20.00
25.00
S.oo
35.00
38.625

Radius, in.
3=955
3.2920
3.2891
3.2%8
3.2851
3.2839
3.2831
3.2827
3.2825
3.2720
3.2k70
3.2220
3.1970
3.1720
3.1470
3.1220
3.1059
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Figure 2.- Mach number distributionfor settling-chsmberpressure of
1* Mjsq in. gage.
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Figure 3.-Variation of stagndiontemperatwe with time for settling-
chsmber pressure of 196 lb/sq in. gage.
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Figure 4.-Varlationofwalltemperatuxewith thue for
pressure of l% lb/sq in. gage.
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Reynolds number, R

Figure 7.- Variation of local Nusselt number with local Reynolds nuuiber
for ad$mted locations of x = O. Viscosityand Rrandtl number deter-
mined for wall temperatures.
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number for adjusted locations of x = O. Viscosity determined
for wall temperatures.
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